Powerful subduction zone earthquakes rupture thousands of square kilometres along continental margins but at certain locations earthquake rupture terminates. To date, detailed knowledge of the parameters that govern seismic rupture and aftershocks is still incomplete. On 2015 September 16, the M w 8.3 Illapel earthquake ruptured a 200 km long stretch of the Central Chilean subduction zone, triggering a tsunami and causing significant damage. Here, we analyse the temporal and spatial pattern of the coseismic rupture and aftershocks in relation to the tectonic setting in the earthquake area. Aftershocks cluster around the area of maximum coseismic slip, in particular in lateral and downdip direction. During the first 24 hr after the main shock, aftershocks migrated in both lateral directions with velocities of approximately 2.5 and 5 km hr −1 . At the southern rupture boundary, aftershocks cluster around individual subducted seamounts that are related to the downthrusting Juan Fernández Ridge. In the northern part of the rupture area, aftershocks separate into an upper cluster (above 25 km depth) and a lower cluster (below 35 km depth). This dual seismic-aseismic transition in downdip direction is also observed in the interseismic period suggesting that it may represent a persistent feature for the Central Chilean subduction zone.
I N T RO D U C T I O N
On 2015 September 16, the M w 8.3 Illapel earthquake (Ye et al. 2016 ) ruptured a 200 km long stretch of the Central Chilean subduction zone (Fig. 1) . The 2015 Illapel earthquake occurred in a segment of the subduction zone that last ruptured in an M w 8.3 earthquake in 1943 (Beck et al. 1998) . From its magnitude, areal extent and associated tsunami, the 2015 earthquake seems to mimic the 1943 event (inlay, Fig. 1 ). Prior to 1943, the area experienced large earthquakes on 1880 August 15, 1730 July 8 and possibly 1647 May 13 (Beck et al. 1998) but the size and magnitude of the historic events are not well defined. The area to the south of the 2015 Illapel earthquake experienced M w . 7.8 earthquakes in 1971 and 1985 (Barrientos 1995) and an M 8.3 event in 1906 (Okal 2005) , that close the gap to the northern end of the rupture area of the great 2010 M w 8.8 Maule earthquake (e.g. Lange et al. 2012) . Farther to the north between ∼26
• S and 29
• S, an M w 8.4 earthquake on 1922 November 11 triggered a significant tsunami with run-up heights of up to 9 m along the Chilean coast (Lomnitz 2004) . Here, we investigate the temporal and spatial pattern of aftershocks and coseismic rupture of the 2015 Illapel earthquake in relation to the tectonic setting. For this purpose, we combine high-resolution swath bathymetric data from a suite of research cruises with local seismicity and a coseismic slip model inverted from GPS data.
DATA A N D M E T H O D S

Earthquake data and relocation
We used 5.639 events recorded by a dense network of 30 landstations between 26
• S and 35
• S and 28 additional stations from onshore Chile from the time period 2013 January 1-2016 February 10. After event detection, 81.598 P-and S-arrival times were manually picked from the national data set provided by the Centro Sismológico Nacional, Chile (CSN). The earthquakes were relocated with a local 1-D velocity model from the CSN optimized for Central Chile. For the location with the 1-D velocity model, we estimated station corrections (Fig. S1 , Supporting Information) accounting for lateral variations in the subsurface. Station corrections (Fig. S1 , Supporting Information). The two black circles labelled A and B around 32.3 • S encircle clusters of aftershocks that developed around the subducting seamounts of the Juan Fernández Ridge (JFR). Cluster C corresponds to the location of the subducted San Antonio seamount (Laursen & Normark 2002) whereas no seamount has been mapped at the location of cluster D. The dashed black lines indicate the four vertical profiles shown in Fig. 2 . The JFR and CFZ are indicated by red dashed lines (for details see the text). Yellow triangles indicate seismic stations. Inset map at upper left corner shows the slip areas of the 1922 earthquake, 1943 earthquake (Beck et al. 1998 ), 1971 earthquake and 1985 earthquake (Barrientos 1995 and 2015 Illapel earthquake (this study).
account for deviations from the a priori model and are determined from the average residual at each station. In areas of pre-dominate 2-D structure (such as subduction zones), the minimum 1-D velocity model with station corrections is a good approximation of the 3-D structure (e.g. Kissling 1988 ). We considered a subset of 3.691 earthquakes (based on more than seven onsets for 33.976 P-and 29.499 S-arrival times). Events were located with the nonlinear oct-tree search algorithm (NonLinLoc; Lomax et al. 2000) . The oct-tree algorithm provides hypocentre uncertainties by exploring the probability density functions of each individual event.
The maximum likelihood location is chosen as the preferred event location.
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D. Lange et al. Furthermore, in order to assess along-strike and across-strike structural heterogeneities, we constructed quasi-3-D models by transposing the east-west oriented 2-D velocity models of Moscoso et al. (2011) and Contreras-Reyes et al. (2015) across the entire study region following the geometry of the trench. The determination of hypocentre locations using the quasi-3-D velocity models resulted in overall larger rms values than the location determination using the local 1-D velocity model together with station corrections. In particular, the 3-D heterogeneities located on the onshore prolongation of the subducting Juan Fernández Ridge (JFR), such as the change from flat slab to 'normal' slab inclination, cannot be approximated with a 2-D model transposed along the trench. As a result, we use the 1-D velocity model with station corrections to account for lateral changes of the forearc structure.
Coseismic slip model of 2015 Illapel earthquake
Coseismic slip distributions of both, dip-slip and strike-slip components were estimated using a damped linear least-squares inversion using a finite-element model. The model takes into account the geometrical complexities of the Chile subduction zone (e.g. Moreno et al. 2009 ), incorporating not only the geometry of the subduction slab (Hayes et al. 2012 ) but also topography, bathymetry (Amante & Eakins 2009 ) and the continental Moho (Tassara & Echaurren 2012) . The structure of our 3-D model consists of four blocks: continental plate, viscoelastic continental mantle, oceanic plate and viscoelastic oceanic mantle. The megathrust fault was discretized in triangular patches with an average patch size of 66 km 2 . We specified a Young's modulus of 90, 120 and 160 GPa, for the continental, oceanic and mantle layers, respectively. The Poisson's ratio was set to 0.265 and 0.30 for continental and oceanic crust, respectively. All numerical simulations in this study are solved with the finiteelement modelling software PyLith (Aagaard et al. 2013) . Vertical and horizontal displacements from 18 cGPS sites (Fig. S2 , Supporting Information) were inverted to produce the slip distribution of the megathrust earthquake. Positive and maximum slip (15 m) constraints were applied to avoid models with unreasonable slip patterns and to improve the model resolution. Additional constraints that taper the slip to zero along the trench were imposed at the upper fault borders.
High-resolution multibeam bathymetric data
High-resolution multibeam bathymetric data were collected during multiple seagoing campaigns lead or co-lead by GEOMAR Helmholtz Centre for Ocean Research Kiel. The database at GEO-MAR combines swath bathymetric soundings from cruises carried out between 1995 and 2010 (e.g. von Huene et al. 1995; Flueh et al. 2002) and may be accessed through the Ocean Science Information System OSIS-Kiel (portal.geomar.de/osis). The data were complemented with some swath transects from the National Center for Environmental Information (NCEI) database.
R E S U LT S A N D D I S C U S S I O N
The southern boundary of aftershock seismicity during the 2015 Illapel earthquake spatially coincides with the intersection of the JFR, a ∼900 km long chain of 11 seamount groups, with the trench (Fig. 1) . Landward of the trench, along the strike of the JFR, the Punta Salinas Ridge (PSR) forms a prominent topographic expression in the marine forearc that is interpreted to be caused by uplift above the underthrusting seamounts of the JFR (von Huene et al. 1997) . The location of the PSR coincides with two circular aftershock clusters (labelled A and B, Fig. 1) , with the first cluster spatially coinciding with the subducting Papudo Seamount (Yáñez et al. 2001) . A third cluster is located at the Topocalma Knoll (around 33
• S, labelled C in Fig. 1 ) which is presumably caused by the subduction of the large San Antonio seamount (Laursen & Normark 2002 ) and a fourth cluster (labelled D, Fig. 1 ) is observed closer to the trench at ∼33.3
• S. Subducting seamounts and variations in subducting seafloor roughness are believed to influence interplate coupling and spatial migration of earthquake rupture (e.g. Wang & Bilek 2011; Geersen et al. 2015) . Around 32.3
• S, the subducting seamounts of the JFR, cause widespread (over tens of kilometres) fracturing around the initial plate boundary fault zone. The spatial location of the aftershock clusters may be controlled by fracture networks induced by the subducting seamounts (Wang & Bilek 2011) , which may well represent the cause for the increased seismicity in the area of the JFR in the interseismic period. Parallel to creating heterogeneous stresses, large subducted relief (>1000 m) creates unfavourable conditions for ruptures to propagate across (Sparkes et al. 2010) . Therefore, the subduction of the JFR is suggested to control the southern boundary of the 2015 Illapel earthquake and the clustering of aftershocks between 32
• S and 33
• S. Across the margin in updip and downdip direction, variations in seismic rupture and aftershocks correlate to first-order structural variations in the overriding South American Plate (Fig. 2) . All aftershock clusters coincide with the areas of positive Coulomb stress change recently determined by Tilmann et al. (2016) with maximum values up to 0.2 MPa (clusters A and B). Stress transfer from the coseismic rupture during the 2015 Illapel earthquake therefore likely triggered the development of aftershock clusters A and B at ∼32
• S-32.3
• S and possibly also clusters C and D at ∼33
• S-33.3
• S. Aftershocks in the south started ∼24 hr (clusters A and B) and 72 hr (clusters C and D) after the main shock (Fig. 3) . In addition to Coulomb stress changes, afterslip may be an alternative or additional triggering mechanism for the aftershocks. Aftershocks migrated southwards from the main shock to the latitude of clusters A and B at a rate of 5 km hr −1 for the first 24 hr (Fig. 3) .
Profiles of aftershocks from the northern rupture area (Fig. 2 , panels E and F) show a clear separation into an upper cluster (above 25 km depth) and a lower cluster (below 35 km depth) indicating two seismic-aseismic transitions in downdip direction. The separation of seismicity into two depth levels in the northern part of the rupture area is also observed in the two years prior to the Illapel 2015 main shock (Fig. 2, panels A and B) . A similar clustering of aftershocks in two depth levels downdip of the coseismic rupture was first observed in the wake of the M w 8.8 Maule earthquake (Lange et al. 2012) suggesting that the band of deep seismicity could be a general pattern for the Central Chilean subduction zone. For the Maule 2010 and the Illapel 2015 earthquakes, the depth of the aseismic region between the upper and the lower cluster roughly coincides with the depth of the continental Moho from receiver function analysis (Gilbert et al. 2006; Dannowski et al. 2013) . However, beyond this observation of spatial correlation with the continental Moho, the physical processes that govern the separation of seismicity into two depth levels remains enigmatic. Alternative explanations could be dehydration processes or coupling heterogeneities of the subduction interface.
Between 30 (Hayes et al. 2012) . The histograms show the number of events along the sections together with the coseismic slip model. Events are shown within 25 km of either side of the profiles. In profiles 1 and 2, the orange line indicates the location of the continental Moho inferred from P receiver functions (Gilbert et al. 2006) . The yellow star marks the Illapel 2015 main shock. T and C indicate the locations of the trench and the coast. Hypocentral depths of events located offshore become progressively less reliable with increasing distance from the coast and should be interpreted with caution. Profile locations are indicated in Fig. 1. striking, steeply inclined (30 • ), seaward dipping seafloor escarpment (800 m seafloor offset) located at around 2000 m water depth and constituting the surface expression of a large seaward dipping normal fault (Contreras-Reyes et al. 2015 and Fig. 1) . In contrast to the aftershocks, high slip (>4 m) during the 2015 Illapel earthquake extends farther updip into the area seaward of the large normal fault (Fig. 4) . At the lower continental slope, seaward of the maximum slip patch of the 2015 Illapel earthquake and at 10-20 km distance from the deformation front, a splay fault system separates the active accretionary prism to the west from the outermost forearc block to the east (Contreras-Reyes et al. 2015) .
The Challenger Fracture Zone (CFZ) has previously been interpreted to intersect the trench at around 30
• S (e.g. Tebbens & Cande 1997; Yáñez et al. 2001; Tilmann et al. 2016) (Fig. 1) . However, swath bathymetric data do not image the fracture zone as a spatially continuous morphologic feature. The region of the extrapolated trace of the CFZ based on oceanic plate ages and magnetic lineations (Yáñez et al. 2002; Müller et al. 2008) does not exhibit significant relief. In some areas (e.g. 31
• S-32
• S), a narrow (∼5 km) chain of elevated basement topography rising some hundreds of metres above the surrounding seafloor is observed. However, these seamounts are probably related to mid-ocean seafloor spreading rather than to a fracture zone. Farther towards the trench no distinct morphologic expression can be linked to the CFZ (Fig. 1) which could serve as a major rupture boundary after subduction.
As observed for the southern earthquake boundary, aftershocks migrate from the initial rupture area into the region north of the 2015 Illapel earthquake (Fig. 3) . The rate of aftershock migration is ∼2.5 km hr −1 for the first 24 hr following the main shock. However, no distinct clusters of aftershocks develop in the north in contrast to the southern earthquake boundary. The lack of distinct aftershock clusters in the north further lends support to the interpretation that the northern earthquake boundary is not controlled by any large-scale structural variation, such as the subducting seamounts in the south. The reason for the spatial spreading of the aftershocks, compared to the coseismic rupture, may be due to the maximum differential stress changes in the region around the rupture area (Das & Henry 2003) . According to poroelastic fluid diffusion models (Miller et al. 2004; Terakawa et al. 2013) , the occurrence of earthquakes can drastically change the surrounding pore fluid pressure fields. Miller et al. (2004) studied the 1997 Umbria-Marche seismic sequence in Italy, and proposed that aftershocks of large earthquakes may be driven by the coseismic release of trapped, highly pressurized fluids propagating through damage zones created during coseismic rupture. The associated pressure pulses are suggested to trigger aftershocks by reducing the effective normal stress of incipient slip at Leibniz-Institut fur Meereswissenschaften on August 4, 2016 http://gji.oxfordjournals.org/ Downloaded from applies. However, aftershock migration related to fluid-driven processes was reported to be significantly smaller (<1 km s −1 ) (Roland & McGuire 2009 , and references therein) than the observed migration velocity flowing the first day after the Illapel 2015 earthquake. A further test of the viability of these or other ideas will require indepth modelling, for example, of diffusion processes and Coulomb stress changes, beyond the scope of this study.
C O N C L U S I O N S
We discuss the tectonic setting in the area of the 2015 Illapel earthquake in relation to the coseismic rupture and the distribution of aftershocks. The southern rupture termination is suggested to be related to the subducting JFR where aftershocks cluster around subducting seamounts. In the northern part of the 2015 Illapel rupture area, aftershocks show a deep band of seismicity at 40-60 km depth. A similar deep band of seismicity is observed before the 2015 Illapel earthquake and in the aftershock series following the M w 8.8 Maule 2010 earthquake. The observations of hypocentre distributions of the foreshocks and aftershocks of the Illapel earthquake as well as the for the aftershock series of the Maule earthquake indicate that the distribution of seismicity into two depth levels could be a persistent feature during the seismic cycle and possibly a general pattern for the Central Chilean margin. For the first day after the main shock, we observe migration of aftershocks in north and south directions with migration velocities of 2.5 and 5 km s −1 , respectively.
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